Finding suitable p-type dopants, as well as reliable doping and characterization methods for the emerging wide bandgap semiconductor β -Ga 2 O 3 could strongly influence and contribute to the development of the next generation of power electronics. In this work, we combine easily accessible ion implantation, diffusion and nuclear transmutation methods to properly incorporate the Cd dopant into the β -Ga 2 O 3 lattice, being subsequently characterized at the atomic scale with the Perturbed Angular Correlation (PAC) technique and Density Functional Theory (DFT) simulations. The acceptor character of Cd in β -Ga 2 O 3 is demonstrated, with Cd sitting in the octahedral Ga site in the negative charge state, showing no evidence of polaron deformations nor extra point defects nearby. Furthermore, thermally activated free electrons were observed for temperatures above ∼648 K with an activation energy of 0.54(1) eV. At lower temperatures the local electron transport is dominated by a tunneling process between defect levels and the Cd probe. Ga 2 O 3 is a wide band gap semiconductor of growing interest due to its potential application in power and high-voltage electronic devices [1] [2] [3] . It is transparent in the ultraviolet (UV) range, thus being also very promising for solar blind UV optoelectronic devices [3] [4] [5] [6] . With a band gap of 4.8 eV 7 , β -Ga 2 O 3 , the most stable of its polymorphic forms, is a large gap insulator, but its conductivity actually depends on doping and growth conditions 1, 3 . N-type semiconductivity is often observed and commonly attributed to ionized oxygen vacancies which act as donors 1, 8 , but Varley et al. 4, 6 question this assumption attributing it to background impurities such as hydrogen, silicon and germanium, after first-principles calculations have revealed that oxygen vacancies act as deep donors in Ga 2 O 3 and thus cannot be responsible for electron conductivity. Concerning p-type doping, several potential candidates have been proposed, such as Ti 9 , Cd 10 and Mg 11 . In some cases, p-type conductivity has even been reported, but carrier mobility and concentrations have not been analyzed or revealed too low for practical applications 9, 12 . On the other hand, theorists pointed out fundamental issues for p-type doping as potentially due to strong hole localization in Ga 2 O 3 limiting hole mobility 13 , and recent DFT studies indicate that such behavior is typical for cation-site impurities a) Electronic mail: marcelo.barbosa@fc.up.pt; Also at C2TN, DECN, Instituto Superior Técnico, Universidade de Lisboa, Bobadela, Portugal b) Also at EP Department, European Organization for Nuclear Research (CERN), CH-1211 Geneva, Switzerland c) Also at KU Leuven, Instituut voor Kern-en Stralingsfysica, Celestijnenlaan 200 D, 3001 Leuven, Belgium ; EP Department, European Organization for Nuclear Research (CERN), CH-1211 Geneva, Switzerland such as group 2 (e.g. Mg, Ca) and group 12 (e.g. Zn, Cd) acceptors which furthermore exhibit deep acceptor levels 14 . Moreover, the most studied acceptor, Mg, was shown to be incorporated not only in substitutional Ga-sites but also in interstitial sites as well as the substitutional O-site where it acts as compensating donor 15 . On the other hand, a cathodoluminescence study on Zn-doped Ga 2 O 3 suggests a relatively shallow acceptor level 0.26 eV above the valence band maximum 16 . In the case of Cd, previous works report evidence of Cd located in substitutional Ga sites in β -Ga 2 O 3 10,17,18 . Therefore, to better understand the concrete potentialities of p-type doping using Cd, this work is focused on the atomic scale study of location and charge state of implanted/diffused Cd probes in β -Ga 2 O 3 , complemented by the study of electron mobility in this material. To address this problem, the Perturbed Angular Correlation technique (PAC) was used 19 . It accurately measures the hyperfine interaction between the nuclear quadrupole moment (Q) of an excited nuclear state at the probe nucleus and the electric field gradient (EFG) due to the surrounding charge distribution, thus being a unique tool to study the location of impurities, as well as their charge states and interaction with defects. EFG is a traceless diagonal tensor fully characterized by its V zz component and the axial asymmetry parameter η = (V xx −V yy )/V zz , where the observable frequency is ω 0 ∝ eQV zz (see supplementary material).
Two different radioactive impurity elements were used, 111m Cd (48 min) and 111 In (2.8 d), both decaying to stable 111 Cd by gamma-gamma (γ-γ) emission through the same 5/2+, 245 keV probe level of 111 Cd 20 . 111m Cd, with no element transmutation, was used to directly study the location of the implanted dopants. It was implanted at room tempera-arXiv:1908.09569v2 [cond-mat.mtrl-sci] 28 Aug 2019 ture in powder pellet and single crystal samples (see the supplementary material for details) at ISOLDE-CERN to a low fluence of 10 11 atoms/cm 2 . After subsequent 10 minutes air annealing at 1473 K and at 1273 K, respectively, the measurements were carried out at room temperature using a standard 6-BaF 2 detector PAC analog spectrometer 21 (for the single crystal, considering two different surface normal orientations with respect to the detectors plane). For nuclear level spin 5/2, a triplet of frequencies characterizes each EFG at the PAC observable R(t) function and respective Fourier transform. The experiments show a dominant position for the Cd probes in the powder pellet with an EFG characterized by ω 0 = 115.5 Mrad/s, η = 0.11 ( Fig. 1(a) ), but 21% of the probes were still in defective environment (probably due to grain boundaries) while the equivalent experiments done in the single crystal showed a similar EFG (ω 0 = 112.9 Mrad/s, η = 0.09) with no remaining implantation defects ( Fig. 1(b) ).
In the case of 111 In, the probe decays by electron capture of an inner atomic K-or L-shell electron, leaving 111 Cd in an ionized unstable state before the nuclear γ-γ emission. The first inner hole created at the restructuring Cd atomic shells is very rapidly recovered (within about 10 −14 s) by electrons of higher orbits with consequent emission of X-rays and/or Auger electrons leading to further ionization of the atom, losing on average 3 to 8 electrons 22, 23 . While reaching stability, the charge distribution around the probe (hence the EFG) is changing, thus monitoring this EFG by PAC as a function of temperature, enables studying the formation (and annihilation) of ionized and excited electronic states of Cd. For the analysis of fluctuating EFGs, the theory of stochastic processes applied to dynamic transitions in PAC 24 is necessary, which assumes the environment around a probe might change with time in such a way that allowed transitions between different states occur in a "Markov chain"-like fashion. Therefore, the system is described by the EFGs that characterize each possible state and by the transition rates to go from one state to another. In this context, the experimental data was analyzed using a complex first principles fitting program integrating multiple EFG states and their mutual transition rates 25 .
The powder pellet sample was wetted with a 111 In (aq) solution, dried and annealed in air during 48 hours at 1373 K promoting 111 In diffusion. Then, PAC measurements were performed between 293 K and 1023 K ( Fig. 1(c) ). Control room temperature (293 K) measurements were performed before and after the full series of experiments with no observable changes, ensuring that no irreversible annealing effects occurred. The spectra at 923 K and at 1023 K are indistinguishable with EFG signature characterized by ω 0 = 113 Mrad/s and η = 0.10, matching the EFG obtained from the 111m Cd measurements. That same EFG is visible at all temperatures but the amplitude of the corresponding R(t) spectra clearly varies. Since the PAC measurements are reversible with temperature, and there are no structural β -Ga 2 O 3 phase transitions in this range of temperatures 1 , the observed effects must be due to the temperature dependence of the Cd electronic recovery after electron capture. Directly after the In decay, before sufficient electronic recovery is achieved, the charge distribution around a Cd atom is variable and uncertain. This leads to an initial state described by a broad EFG distribution with central EFG (ω 0 = 111 Mrad/s, η = 1.0) and FWHM > 30 Mrad/s. Then, a unidirectional transition occurs to a final stable state characterized by the EFG mentioned earlier. At high temperatures the electronic recovery is faster than the experimentally observable timescale, where only the final stable configuration is observed. Furthermore, all probes are found in a single location and the low damping (FWHM = 1.4 Mrad/s) suggests that the concentration of point defects in the next-nearest lattice neighborhood are much below the ∼1 ppm probe's concentration. At 573 K and 648 K a meta-stable Cd state was also observed (intermediate state), characterized by ω 0 = 117 Mrad/s, η = 0.92 and very low FWHM < 2 Mrad/s. At these temperatures, this meta-stable electronic state of Cd has ∼7% probability of being formed before achieving the final state. Due to the large η, the first two observable triplet frequencies are very close, merging into a single broader peak around 200 Mrad/s in the Fourier spectra. It was observed that the EFG of every state barely changes with temperature while the transition rates (R i→ j ) have strong variations, in particular for the transition R 1→3 between the initial (i = 1) and final ( j = 3) states above 648 K (see Fig. 3 ).
The PAC results were compared to DFT calculations as implemented in the WIEN2k package 26 (see supplementary material for details). A unit cell of β -Ga 2 O 3 was considered using the lattice parameters reported by Åhman et al. 27 . It has a sixfold coordinated Ga site (octahedral), a fourfold coordinated Ga site (tetrahedral) and three non-equivalent O sites. After structural relaxation, a band gap of 4.91 eV was obtained from the total density of states (DOS) ( Fig. 2 ) in good agreement with the experimental value of 4.85 eV 1 . Moreover, the atom-resolved partial density of states (PDOS) shows a very small contribution from the Ga-3d, Ga-4s and Ga-4p orbitals to the upper valence band that is completely dominated by the O-2p orbitals, whereas the conduction band minimum is mainly described by the Ga-4s orbitals (Fig. 2) .
From the occupancy of In atoms in similar InGaO 3 and In 2 O 3 structures 17 , it was expected that both In (diffused) and Cd (implanted) 10 incorporate into the larger octahedral Ga site in Ga 2 O 3 . Therefore, a 1 × 4 × 2 supercell of Ga 2 O 3 was constructed having a Cd atom placed in an octahedral Ga site (1:64 dilution). Since Ga has 3 valence electrons whereas Cd has only 2, two different charge states were considered for the Cd probe: neutral (Cd 0 ) and charged (Cd -), the latter by adding one extra electron to the lattice which is compensated by an additional homogeneous positive background to keep the entire cell in a neutral state 28, 29 . The EFGs at the Cd probe were calculated for each configuration (Table I) and a very good agreement is found between the EFGs for Cdand the final state in the PAC experiments, as well as between the EFGs for Cd 0 and the intermediate state observed at 573 K ( Table S2 in the supplementary material contains the calculated EFGs for other Cd sites and charge states).
The total DOS shows that replacing a Ga atom by a Cd 0 probe induces a partially filled impurity band in the band gap near the top valence band while the basic electronic structure of Ga 2 O 3 remains unaltered ( Fig. 2) . By integrating the unfilled region of the band, a value of 1.00 electron is obtained, in accordance with the expected behavior of a Cd dopant with single-acceptor character in this material. By looking at the partial DOS projected at the Cd and O atoms (Fig. 2) , it is possible to see that the impurity band is composed of Cd-4d (Table I) .
Having identified the position and charge states of Cd, the temperature dependence of the transition rates between the initial (electronically unstable) and the final (stable) states in the 111 In PAC experiments provides insights about electron mobility in Ga 2 O 3 , revealing two different regimes ( Fig. 3 ): 1) Above 648 K, the transition rates are described by an Arrhenius law with an activation energy of 0.54(1) eV. According to the present simulations, Cd induces an impurity band ∼0.4 eV above the top valence band of Ga 2 O 3 , which is tempting to attribute to the experimental activation energy of 0.54(1) eV. However, 111m Cd PAC measurements showed that, after annealing for removal of implantation defects, all Cd are found in the Cdcharge state at room temperature, suggesting that the Fermi level lies above the acceptor level, as expected for n-type material. Fleischer and Meixner 32 reported a thermal activation energy of 0.6(1) eV for carrier mobility in Ga 2 O 3 and associated it with electron delocalization and increasing electron mobility with increasing temperature. Nonetheless, Ma et al. 33 observed that charge carrier mobility and charge carrier density are interconnected, where ionized impurity scattering (which depends on donor concentration) decreases electron mobility. In addition, they identified polar optical phonon scattering as the dominant mechanism limiting electron mobility in β -Ga 2 O 3 by observing a decrease in electron mobility with increasing temperature (in contradiction to the temperature-dependence observed by Fleischer and Meixner 32 ). Additionaly, deep level transient spectroscopy (DLTS) measurements performed by Irmscher et al. 34 showed the presence of several deep defect levels inside the band gap, including one 0.55 eV below the conduction band and another 0.74 eV below the conduction band (the second being dominant). Similar results were found by Zhang et al. 35 , identifying defect levels 0.62 eV and 0.82 eV below the conduction band. Therefore, at the light of what is known, the activation energy of 0.54(1) eV obtained in this work is most likely associated with electrons going from defect levels (observed using DLTS 34, 35 ) to the conduction band, recalling the mentioned interconnection between electron mobility and donor concentration 33 . 2) Below 573 K, a slight decrease of R 1→3 with rising temperature is, unexpectedly, observed. This counterintuitive phenomenon cannot be explained by low temperature conductive processes such as variable-range hopping. However, similar behavior is predicted for the quantum tunneling rate in certain regimes of a biased double-well potential coupled to a dissipative field with ohmic dissipation (the coupling field has ohmic dissipation if its spectral density is proportional to the frequency: J(ω) ∝ ω). For this reason, the hypothesis of direct electron tunneling from a defect to the Cd probe was explored assuming that the defect is in one of the potential wells and the Cd probe is in the other. The theory of such interaction has been developed in Refs. [36] [37] [38] and applications can be found in the dynamics of single bistable defects coupled to an electron bath in disordered metals 39 and in the tunneling of a Xe atom between the tip of a scanning-tunneling microscope (STM) or of an atomic-force microscope (AFM) and a Ni surface, coupled to phonons 40 . According to this theory, when k B T ε, where ε is the bias energy between the two wells, the tunneling rate γ between the wells is approximately:
where ω p is the oscillation frequency in either well, ∆ 0 is the bare tunneling matrix element, Γ(x) is the Gamma function and α is a dimensionless dissipation coefficient which is dependent on the material. In the regimes where 0 < α < 1/2, the tunneling rate increases with decreasing temperature. Fitting the logarithmic equation to the transition rates obtained between 293 K and 573 K yields α = 0.118(4) and ∆ r = 1.3(2) × 10 10 s −1 (see inset of Figure 3 ), hence we are in fact in the regime of 0 < α < 1/2 and our transition rates behave as predicted by equation 1.
The theory is only valid for a specific set of values for each variable, so we can test them and set boundaries in our case; firstly, k B T > ε, thus ε < 0.0252 eV. Then, the theory requires thath∆ r αk B T , which is true even at room temperature 8.53 × 10 −6 eV 2.98 × 10 −3 eV . The last requirement is that ∆ 0 ω p . Considering as reference the frequency associated with the polar optical phonon energy reported in Ref. 33 ω p = 6.7(6) × 10 13 s −1 and using the definition of ∆ r , we have ∆ 0 = 3.6(6) × 10 10 s −1 , therefore ∆ 0 ω p is verified. A hypothesis for the observations at lower temperatures can then be formulated, stating that electrons are tunneling from some defects directly to the Cd probes and that such a system can be described by a double-well potential coupled to a dissipative field with ohmic dissipation. In this case, we believe that phonons are the dissipative field, as observed in the example above from Louis et al. 40 . Although Leggett et al. 41, 42 suggest a super-ohmic dissipation (J(ω) ∝ ω s , with s > 1) in the case of defect (or electron) tunneling in a solid with coupling to a (three-dimensional) acoustic phonon bath, in our understanding the authors refer to diffusion by quantum tunneling, whereas in our case there is solely direct electron tunneling between a specific defect and a Cd probe, thus the possibility of ohmic dissipation remains acceptable. Therefore, we propose that the lower temperature regime of the observed electronic recovery is explained by direct electron tunneling from defects to the Cd probes.
Concerning the issue of strong hole localization in Ga 2 O 3 referred previously 13 , since no holes are present around the Cd probes, no polarons are formed (they would be readily observable in the PAC measurements). Besides, the Cd-O bonds showed a more covalent character, in contrast to the ionic character observed for the Ga-O bonds (Fig. S3 in the supplementary material), so the probability of polaron formation in an adjacent O atom is reduced.
Lastly, in the absence of experimental values, the ionization energy of the Cd acceptor has been estimated in previous DFT studies 14, 15 suggesting a thermodynamic transition level for Cd 0 /Cdin Ga 2 O 3 with a deep level character (∼1 eV). If such level is confirmed experimentally, Cd would be unsuitable as acceptor for efficient p-type doping. However, the ad hoc numerical procedure there employed to take into account the Coulomb potentials of charged defects has been questioned by Wu et al. 43 , eventually leading to overestimated values. Moreover, in this work, that same method employed with a different functional suggests a transition of ∼0.4 eV.
In summary, we have shown that Cd occupies a single position in β -Ga 2 O 3 , the substitutional octahedral Ga site, with a clear acceptor character. Two Cd charge states were observed, the neutral unstable Cd 0 with a short mean life time ( 1 R 23 ≈ 2 µs at 573 K, see the supplementary material) and the stable ionized acceptor Cd -. Two regimes where observed with distinct transport properties: above 648 K the electron mobility and/or density increases with increasing temperature with an activation energy of 0.54(1) eV. For lower temperatures, surprisingly the local conductivity seems to decrease with increasing temperature which is attributed to an electron tunnelling mechanism. As a final note, it was shown that the use of very accessible 111 In activated solutions (currently used in hospitals as tracers) might be a feasible option to properly dope a β -Ga 2 O 3 sample with Cd by transmutation.
SUPPLEMENTARY MATERIAL
See Supplementary Material for further details on the PAC experimental technique, sample preparation, fitting parameters and DFT simulations, which includes Refs. [44] [45] [46] [47] [48] [49] [50] [51] [52] . In a Perturbed Angular Correlation experiment, a radioactive probe which decays in a double cascade (emitting two photons, γ 1 and γ 2 ) is introduced in a sample by implantation, diffusion or neutron activation. The hyperfine interaction of the electric field gradient (EFG) at the probe's site with the electric quadrupole moment of the intermediate level of the cascade causes a time-dependent perturbation in the angular dependence of the emission probability of γ 2 with respect to γ 1 . Since the EFG is a traceless matrix and diagonal in its principal axis, it can be completely described by only two parameters: the V zz component and the axial asymmetry
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The time-dependent oscillations in the anisotropic emission of γ 2 then define the observable frequency ω 0 which is proportional to the quadrupole interaction frequency ω Q
where I and Q are the spin and the electric quadrupole moment of the intermediate level of the cascade, respectively, and k = 3 (or 6) for integer (or half-integer) spin [1, 2] .
The coincidence spectra N (θ, t) can be recorded, where θ is the angle between detectors and t is the time delay between the detection of γ 1 and γ 2 , allowing for the experimental perturbation function
to be calculated, where A kk are the angular correlation coefficients of the nuclear decay cascade and G kk is the perturbation factor. For a polycrystalline sample, G kk = S k0 + n S kn cos ω n t, so it is described by a sum of oscillatory terms with frequencies ω n which correspond to transitions between the hyperfine levels created due to the splitting of the nuclear energy levels by the hyperfine interaction. The splitting of an intermediate level with spin I = 5/2 results in three sub-levels, so transitions between them will yield a triplet of frequencies ω 1 , ω 2 and ω 3 = ω 1 + ω 2 , with ω n = C n (η)ω 0 . Therefore, for each EFG present in the system, three peaks will be observed in the Fourier transform of the perturbation function.
In the case of fluctuating EFGs, such as during the recovery processes of the electronic environment after the loss of electrons from the lower atomic orbits due to electron capture decay, a dynamic description of PAC spectra is needed. Here, the theory based on stochastic processes applied to PAC developed by Winkler and Gerdau [3] was considered. In their formalism, the time-evolution operator changes from the usualΩ(t) = exp − ī hĤ t tô Ω(t) = exp − ī h H × st +R t , where − ī h H × st +R is called the Blume matrix and H × st andR are Liouville operators, the former being constructed from the Hamiltonians that describe the different possible states (each one described by a static EFG) and the latter containing the transition rates between the different possible states (where the inverse of the sum of all transition rates from one state to the others corresponds to the mean life of that state). In this case, the observable perturbation factor is given by where N is the number of possible states, the amplitudes a kq depend on the eigenvectors of the Blume matrix and −λ q + iω q are the eigenvalues. The real components of the eigenvalues are always negative and are only non-zero when the transition rates are also non-zero, thus the damping that they induce in the oscillations of the perturbation function are a signature of the presence of dynamic processes.
In this work, N = 3 different states were needed to describe the 111 In PAC experimental data, so the system is described by the ω 0 , η and initial percentage at t = 0 of each individual state, plus the 6 transition rates between all pairs of states (1 → 2, 1 → 3, 2 → 1, etc.), all of them acting as fitting parameters. Moreover, to account for the fact that probes in equivalent sites might have slight deviations in their EFGs (e.g., due to possible remaining diluted defects not preferentially attached to them), a Lorentzian distribution characterized by their central frequency ω 0 and full width at half maximum (FWHM) is integrated for each EFG individually in the fitting function.
The fitting is done by minimizing a chi-square function and the error of each fitting parameter is assumed to be the amount that they have to change in order for the chi-square function to vary one standard deviation.
Experimental Details
99.999% purity Ga 2 O 3 powder was pressed into pellets of about 7 mm diameter and 2 mm thickness and subsequently annealed at 11 773 K for 8 h. Single crystals were grown by the floating zone technique using 4N purity powder, then cut and polished in the (1 0 0) plane, as described elsewhere [4] . 111 In probes were introduced by wetting the powder pellet in a 111 In activated solution and annealed for 48 hours at 1373 K in air. The PAC measurements were performed as a function of the measurement temperature (between 293 K and 1023 K) in a 4-BaF 2 detector spectrometer [5] at CFNUL, in Lisbon. 111m Cd probes were implanted in a powder pellet sample and in a single crystalline sample at ISOLDE/CERN to low fluences of 10 11 atoms/cm 2 at room temperature. Then, the samples were annealed for 10 minutes at 1473 K and at 1273 K in air, respectively, in order to remove implantation defects. The PAC measurements were carried out at room temperature on a 6-BaF 2 detector spectrometer [5] . For the single crystal, two orientations were considered in a 4-detector's plane: surface normal perpendicular to the detector's plane and in-plane at 45 • from the detectors.
The decay scheme of both 111 In and 111m Cd can be seen in Figure S1 and the fitting parameters from 111 In PAC as a function of temperature are summarized in Table S1 .
DENSITY FUNCTIONAL THEORY SIMULATIONS

Simulation Details
The simulations were performed via the full-potential (linearized) augmented plane wave plus local orbitals [FP-(L)APW+lo] method as implemented in the WIEN2k code [6] . For the structural optimization and calculation of the electric field gradients, the generalized gradient approximation in the Perdew, Burke and Ernzerhof parameterization (GGA-PBE) [6] was considered as exchange-correlation functional. For the calculation of the density of states, band TABLE S1. 111 In:Ga2O3 PAC fitting parameters. Three different states described by a single EFG each were considered. The transition rates between them are expressed in MHz, the quadrupole frequency ω0 and the full width at half maximum for the Lorentzian, static-like, distribution (FWHM) are expressed in Mrad/s and the asymmetry parameter η is dimensionless. structure and band gap, the optimized structures were used and the modified Becke-Johnson exchange potential (mBJ) was applied, since it has been proven to better estimate band gaps in semiconducting materials than simply using GGA [7, 8] . It also has levels of agreement with experimental results comparable to hybrid functionals or Green function (GW) methods (which are computationally heavier and more time consuming) whilst being barely more expensive than GGA calculations [7, 8] . Although hybrid functionals have been previously proven very successful to simulate Ga 2 O 3 systems [9, 10], they take three to four orders of magnitude more time in a simulation than GGA, thus being impractical for the several big supercells required in the present study. The structural parameters of Ga 2 O 3 in the β-phase (β-Ga 2 O 3 ) as found in the work ofÅhman et al. [11] were considered, i.e. a = 12.214(3)Å, b = 3.0371(9)Å, c = 5.7981(9)Å, α = γ = 90 • and β = 103.83(2) • , with the internal atomic positions being optimized by minimizing the atomic forces to a maximum limit of 2 mRy/bohr in a self-consistent way. Optimization of the lattice parameters using the very precise HSE06 hybrid functional was previously reported elsewhere [12] and the calculated lattice parameters are very close to the experimental ones (less than 0.5% variation), therefore no lattice optimization was performed in this work and the experimental values were used for the simulations.
To simulate an isolated Cd impurity, a 1 × 4 × 2 supercell of Ga 2 O 3 with dimensions a = a = 12.214Å, b = 4b = 12.1484Å, c = 2c = 11.5962Å and β = 103.83 • was constructed. Its size was determined by increasing it until the variation of the EFG at the Cd site was in the same order of magnitude of the PAC experimental error.
A cut-off value for the plane wave expansion of Rmt*Kmax = 6.0 was considered, where Rmt is the muffin-tin sphere radius and Kmax is the largest K-vector of the plane wave expansion of the wave function. 90 and 20 k-points in the irreducible Brillouin zone were used for the Ga 2 O 3 simple cell and for the 1 × 4 × 2 supercell with the Cd impurity, respectively. Different charge states for the Cd probes were considered, where additional charges were compensated by adding a homogeneous background of opposite charge to keep the entire cell in a neutral state [6, 13, 14] . For example, if an electron is added to the cell, the extra negative charge can be localized but a uniform positive charge will maintain the neutrality of the cell whilst not resulting in any extra interactions.
For the estimation of the thermodynamic transition level for Cd0/Cd-1, the procedure employed in Refs. 15 and 16 was used, but the energy alignment in relation to bulk Ga 2 O 3 was performed using the core energy levels from atoms far from the Cd probes instead of using the electrostatic potential.
Band Structure
The band structure of Ga 2 O 3 (Fig. S2) shows an indirect band gap between the valence band maximum (VBM) located on the I-L line and the free-electron-like conduction band minimum (CBM) at the Gamma point. However, the valence band at the Gamma point is only 0.03 eV below that of the VBM, so there is an indirect band gap of 4.91 eV and a direct band gap of 4.94 eV, in good agreement with optical absorption measurements [17] and with previous calculations [12, 18] . By fitting the energy dispersion of the CBM at the Γ point to a parabolic function, an electron effective mass (m * e ) of 0.35 m e was obtained. This is close to the experimental value of 0.28 m e [19] but slightly higher, which is expected since the used mBJ exchange potential generally overestimates the effective masses [20] . On the other hand, the top valence band is almost flat, indicating a rather large effective mass (m * h ) for holes. This suggests that the electronic conductivity in Ga 2 O 3 strongly depends on the mobility of the electrons that are thermally excited to the conduction band and less on the movement of holes created at the same time. These results are consistent with previous reports [9, 10, 12, 18, 21] .
In the band structure of the 1 × 4 × 2 supercell with Cdin an octahedral Ga site ( Fig. S2(b) ), it is possible to see the induced impurity band (which is ∼0.4 eV above the top of the valence band) and that the top of the valence band remains very flat as in pure Ga 2 O 3 , thus the effective mass for holes remains very large.
FIG. S2. Band structure of (a) pure Ga2O3 and (b) Cdin an octahedral Ga site of a 1 × 4 × 2 supercell. The top valence band of pure Ga2O3 is set at 0 eV. The k-point labels are named as in Ref. [12] for pure Ga2O3 and as in Ref. [22] for the supercell containing Cd.
Electron Density
The electron density of Ga 2 O 3 (Fig. S3(a) ) shows that the electron density is highest around the O atoms (similar picture is observed in any cut-plane direction) thus hinting to an ionic-like character for the Ga-O chemical bonds.
In the supercell case containing Cd (Fig. S3(b) ), it is possible to see that the charges are distributed between the Cd atom and its O atomic neighbors, indicating that the Cd-O bonds have a more covalent character in contrast to the ionic character exhibited by the Ga-O bonds for the Ga atoms in the same position. 
Electric Field Gradient
Besides the EFGs calculated for each Cd probe's charge state at the octahedral Ga site reported in the letter as matching the PAC experimental results, the EFGs for Cd probes at other sites and charge states were calculated as well. Each considered site is represented in Figure S4 and the resulting EFGs are gathered in Table S2 . S2. Calculated Vzz and η for the Ga atoms in a simple cell of β-Ga2O3 and for each site (see Fig. S4 ) and charge state of the Cd probe in a 1 × 4 × 2 supercell. The calculated distance to the oxygen nearest neighbors (ONN) is also shown. 
